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Geranylgeranyl Switching Regulates
GDI-Rab GTPase Recycling
the GTP-bound form to promote the recruitment of ef-
fectors that facilitate vesicle transport through the cyto-
plasm by the cytoskeleton [6], and membrane docking
Yu An,1,2 Ying Shao,5 Christelle Alory,1
Jeanne Matteson,1 Toshiaki Sakisaka,1 Wei Chen,1
Richard A. Gibbs,5,6 Ian A. Wilson,2,4,*
and William E. Balch1,2,3,* and fusion [7]. Three mammalian GDI family members,
along with the Rab escort protein (choroideremia geneThe Scripps Research Institute
1Department of Cell Biology product) (REP-CHM) involved in geranylgeranylation of
newly synthesized Rab GTPases, form an evolutionarily2 Department of Molecular Biology
3 The Institute of Childhood related GDI superfamily [8].
We previously determined the crystal structure of bo-and Neglected Diseases
4 The Skaggs Institute for Chemical Biology vine GDI involved in recognition of Rab3A GTPases
that regulate neurotransmitter release in the synapse [9,10550 North Torrey Pines Road
La Jolla, California 92130 10] at 1.81 A˚ resolution [11]. We found that GDI is
constructed of two main structural units, a large5 Department of Pharmaceutical Sciences
College of Pharmacy and Allied Health Professions multisheet domain I at the apex and a smaller entirely
-helical domain II insert (residues 119–219) at the baseRoom 528 Shapero Hall
Wayne State University of GDI. GDI contains sequence-conserved regions
(SCRs) that are common to all members of the GDIDetroit, Michigan 48202
6 Department of Medicinal Chemistry superfamily [3, 8]. These SCRs, when folded in the 3D
structure, form the highly conserved face of GDI that isand Molecular Pharmacology
School of Pharmacy and Pharmacal Sciences oriented toward the lipid bilayer and links domains I and
II. SCRs 1 and 3B, located in the N-terminal and centralPurdue University
West Lafayette, Indiana 47907 portions of the molecule, respectively, form a compact
structural unit at the apex of domain I. Here, tri- and
tetrapeptide motifs, which are invariant from yeast to
man [12], form the Rab binding “platform” that recog-Summary
nizes evolutionarily diverse Rab family members in vitro
[11, 13] and in vivo [5].Rab GTPases, key regulators of membrane targeting
and fusion, require the covalent attachment of gera- The lower domain (II) contains SCRs 2 and 3A that
mediate binding of GDI to membrane-associated recep-nylgeranyl lipids to their C terminus for function. To
elucidate the role of lipid in Rab recycling, we have tor [5, 14–16] and REP/CHM to Rab geranylgeranyl
transferase II (Rab GG Tr II) [17, 18]. Our ultra-high reso-determined the crystal structure of Rab guanine nucle-
otide dissociation inhibitor (GDI) in complex with a lution structure (1.04 A˚) of bovine GDI [15] revealed
a highly conserved flexible loop (residues 215–221) ingeranylgeranyl (GG) ligand (H2N-Cys-(S-GG)-OMe). The
lipid is bound beneath the Rab binding platform in a SCR3A that projects outward from the conserved face
of GDI. Mutagenesis of residues found in this mobileshallow hydrophobic groove. Mutation of the binding
pocket in the brain-specificGDI leads to mental retar- effector loop (MEL) did not affect Rab binding but led
to a loss of membrane association and prevented thedation. Strikingly, lipid binding acts through a conserved
allosteric switching mechanism to promote release of ability of GDI to retrieve Rabs to the cytosol, resulting
in defects in intracellular traffic and inhibition of cellthe GDI-Rab[GDP] complex from the membrane.
growth [15]. In the synapse, we have recently shown
that a membrane-associated receptor for GDI is anIntroduction
Hsp90 chaperone complex that binds to domain II
through MEL [16]. This interaction is critical for RabRab GTPases define a family of over 60 proteins that
contain geranylgeranyl groups at their C termini that recycling and neurotransmitter release [16]. These re-
sults suggest that residues found in both the Rab bind-facilitate membrane localization [1]. Rab GTPases play
a critical role in the trafficking of vesicles that mediate ing platform, defined by SCRs 1 and 3B, and those in
SCR3A, defined by the -helical domain II, contributetransport between compartments of the exocytic and
endocytic pathways [2]. Guanine nucleotide dissocia- synergistically to the crucial role of GDI in the recycling
of Rab proteins.tion inhibitor (GDI) is a Rab-specific effector that plays
a key role in the recycling of Rab family GTPases [3]. A major challenge in understanding GDI function is
the need to determine how GDI sequesters the geranyl-GDI binds Rab in the GDP-bound form. Through this
activity, GDI can retrieve a broad spectrum of Rab pro- geranyl groups covalently linked to Cys-X-Cys or Cys-
Cys motifs residues found at the C terminus of all Rabteins from the membrane following bilayer fusion [4, 5].
The heterodimeric complex of GDI and Rab-GDP (GDI- GTPases. It is well established that prenylation is essen-
tial for not only Rab function and membrane association,Rab) serves as a cytosolic reservoir to deliver Rab to
newly formed vesicles, where it becomes activated to but for binding to GDI. To address this key concern, we
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have now determined the structure of GDI bound to a Table 1. Data Collection and Refinement Statistics
geranylgeranyl cysteine ligand. We find that a shallow
Data Collection
hydrophobic groove beneath the Rab binding platform
Wavelength (A˚) 1.033in domain I serves as the site for prenyl-lipid binding.
Resolution range (A˚) 20.00–2.00Mutation of critical residues comprising the lipid binding
Space group P21groove interferes with normal GDI function in Rab ex- Unit cell dimensions a  62.2 A˚, b  42.9 A˚, c  89.1 A˚,
traction from membranes at the synapse and growth of   103.5
yeast, reflecting a defect in Rab recycling required for Total observations 68,840
Unique reflections 30,213vesicular traffic. Moreover, Leu92, a residue that is mu-
Completeness (%) 95.7 (85.9)atated in inherited human disease leading to nonsyn-
I/b 12.7 (1.4)adromic X-linked mental retardation [19], plays a critical
Rsym (%)c 6.1 (41.9)arole in orienting an amphipathic helix flanking the lipid No. of molecule/a.u. 1
groove. Mutation of Leu92 to Pro leads to the loss of
Refinementability of the mutant to extract Rab from membranes
[19]. Strikingly, binding of lipid promotes a large struc- Total residues (atoms) 433 (3432)
Water molecules 368tural shift in MEL from an extended (open) to a closed
Sulfate molecules 3(retracted) state, directing release of the GDI-Rab com-
Ligand molecules (atoms) 1 (20)plex from membranes during recycling. This transition
Rcryst (%)d 19.6is regulated by two residues located below the lipid Rfree (%)e 24.9
binding groove that undergo striking reorientation in re- Ramachandran plot (%)
sponse to lipid binding to build a hydrogen-bonded net- Most favored 90.8
Additional allowed 9.2work to trap MEL in the closed configuration. Disruption
Generously allowed 0of this network prevents Rab3A retrieval by GDI in the
Disallowed 0synapse and interferes with vesicular traffic in yeast.
Rmsd from ideality
Our results lead us to a universal structural model that Bond length (A˚) 0.0055
members of the GDI superfamily utilize a reversible gera- Bond angles () 1.2
nylgeranyl-switching mechanism to control Rab recy- Dihedral angles () 23.8
Improper angles () 0.7cling and emphasize the critical role of the lipid as a
Average B values (A˚2 )signaling molecule in Rab-GDP function.
Protein 27.3 [16.7 for 1.04 A˚ GDI structure (6)]
Backbone (C atoms) 25.7 [13.9 for 1.04 A˚ GDI structure (6)]
Residues 215–221 34.2 [39.7 for 1.04 A˚ GDI structure (6)]Results
Residues 217–220 37.2 [52.1 for 1.04 A˚ GDI structure (6)]
Water 38.6Generation of the GDI-Geranylgeranyl
Sulfate 43.0
Lipid Complex Ligand 63.9
To determine the location of the lipid binding region
a Statistics for outer shell of 2.03–2.00 A˚ datain GDI that facilitates the interaction of GDI with the
b Signal-to-noise ratio.
geranylgeranyl groups attached to the C-terminal Cys- c Rsym  |Fo2  Fc2|/Fo2.
Cys/Cys-X-Cys motifs of Rab GTPases, we synthesized d Rcryst  |Fo  Fc|/|Fo|, where Fo and Fc are the observed and
two small mimetics of the Rab carboxyl terminus con- calculated structure factors, respectively.
e Rfree is calculated in the same manner as Rcryst but from 5% of thetaining either a single geranylgeranyl lipid or two lipids
data that were not used for refinement.attached to Cys residues through thioether linkages at
the C1 carbon as would be found in Rab GTPases (see
Experimental Procedures). Crystallization trials with the
digeranylgeranyl lipid did not yield crystals containing by helices I, A, and C and forms at the intersection of
bound lipid. In contrast, the single geranylgeranyl group SCRs 1A/B, 3B, and 2 (Figure 1, upper right inset) that
containing lipid (GG-lipid) yielded diffraction quality bridges domains I and II. This groove contains Ile22
crystals. The structure of the GDI-GG-lipid complex and Val25 (SCR1); Leu92, Tyr93, and Thr94 (SCR2); and
was determined at 2.0 A˚ resolution by molecular re- Phe429 and Phe431 (non-SCR). The GG-lipid is capped
placement using the ultra-high resolution (1.04 A˚) bovine by hydrophilic residues that include Glu95 (SCR2) and
GDI [15] as the search model (Table 1; Figure 1). The Asn26 (SCR1) at the C20 end and by Lys89 (SCR2) and
electron density map revealed the structure of the com- Asp430 (non-SCR) at the C1 end. The flanking residues
plete geranylgeranyl moiety, but not the amino acid, may serve as a measuring stick to define the length and
suggesting that the Cys residue is disordered and, there- sides of the lipid binding groove that are important for
fore, does not contribute to binding. function.
Leu92 and Phe431 Are Essential for EfficientC20 Binds in a Shallow Groove beneath the Rab
Binding Domain Rab Extraction
GDI contains 447 residues. We have previously shownThe C20 lipid moiety group binds to a hydrophobic sur-
face groove below the Rab binding platform in domain that Leu92 is mutated to Pro (GDI[Leu92Pro]) in familial
disease leading to nonsyndromic X-linked mental retar-I of GDI (Figure 1). The C1 to C20 orientation in the
groove (Figure 1) is the only possibility consistent with dation [19]. Leu92 is present in helix C of GDI that
defines the left flanking helix of the shallow hydrophobicthe electron density map. The shallow groove is flanked
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Figure 1. Crystal Structure of the GDI-GG
Complex
Upper left: The Fo – Fc omit map contoured
at 2.5  level shows extra electron density
that would correspond to the geranylgeranyl
lipid tail of the single geranylgeranylated li-
gand. GG-lipid carbon atoms C1 and C20 are
labeled.
Middle: Position of the GG-lipid in a shallow
surface binding groove below the Rab bind-
ing region in GDI. Helices A, C, I are indi-
cated in italics. The GDI in the GDI-GG
complex structure is shown in green, and do-
mains I and II of GDI are labeled; the GG tail
is shown in a brown ball-and-stick represen-
tation; the putative position of Rab shown in
pink [3, 13, 37].
Lower right: The residues surrounding the
GG-lipid are labeled including Leu92 involved
in mental retardation [19].
Upper right: Location of the SCRs in the GDI
structure. SCR1A/B: blue, residues 4–47;
SCR2: yellow, residues 69–160; SCR3A: pur-
ple, residues 203–230; SCR3B: red, residues
232–259; non-SCR: gray; GG-lipid: shown in a
brown ball-and-stick representation. Figures
were prepared with MOLSCRIPT/BOB-
SCRIPT [47] and Raster3D [48].
groove housing the GG carbon backbone (Figure 1). binding region is defined by Val7, and Met23 (SCR1) and
Met424 (non-SCR), which form a shallow hydrophobicMutation of Leu92 to Pro leads to a 5-fold reduction in
the binding of prenylated Rab3A and loss of ability of well where the C20 end of the second GG binds (Figure
3). Asn26 and Lys28 (SCR1), and Lys278 and Gln279GDI to efficiently extract Rab3A from synaptosomes
in vitro [19]. As further evidence for the role of the groove (non-SCR) define its upper hydrophilic boundary. The
hydrocarbon backbone is housed by a shallow hy-in prenyl binding, we noted that the structure of the
GDI-GG-lipid complex contains as the last ordered res-
idue Phe431 (Figure 1). Phe431 was also found to be
the last ordered amino acid in the 1.04 A˚ GDI structure
[15]. Given that truncation of GDI at the homologous
residue to Asp430 in yeast renders Gdi1p inactive [20],
it is apparent that Phe431 flanking the C1 end of the lipid
may play a pivotal role in GDI function during extraction.
To test this possibility, we mutated Phe431 to Asp
(GDI[Phe431Asp]) in the full-length protein. The protein
was expressed in E. coli, purified, and assayed for its
ability to extract Rab3A from synaptosome membranes
[16, 19]. When compared to wild-type GDI, mutation
of Phe431 to Asp reduced the ability of GDI to extract
Rab3A by 80% (Figure 2). Thus, the groove is likely to
play a significant role in GDI interaction with Rab prenyl
groups.
A Second Shallow Hydrophobic Region Sits
Adjacent to the Primary GG-Lipid Groove
Although we were unable to generate a crystal structure
of GDI with the di-GG ligand, Rab GTPases generally
have two geranylgeranyl groups attached to the con-
served Cys-Cys or Cys-X-Cys motifs that are found at
the end of their hypervariable C termini [21]. To gain
insight into the location of the second geranylgeranyl
Figure 2. Ability of Wild-Type GDI and the GDI[Phe431Asp] Mu-prenyl group, we used the docking module of Insight II
tant to Extract Rab3A from Synaptosomes
to position a second GG-lipid into the GDI-GG-lipid
Recombinant wild-type GDI and the GDI[Phe431Asp] mutantcomplex (Figure 3). The proposed digeranylgeranyl
were prepared as described [13] and incubated with rat brain synap-
structure (GDI-diGG) shows a hydrophobic interaction tosomes as described [16, 19]. The relative amount (percentage of
site for the second GG that has an excellent fit into an total) of Rab3A extracted using equivalent amounts of wild-type or
mutant GDI protein is shown.adjacent surface hydrophobic groove. The second lipid
Structure
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Figure 3. Model of the GDI-Lipid Complex Containing Two Geranylgeranyl Groups
Left: Model of the GDI-diGG complex with secondary structure color coding as described in Figure 1 (upper right inset). The GG in the crystal
structure is shown in a brown ball-and-stick representation; the second GG docked into the complex structure (see Experimental Procedures)
is shown in an orange ball-and-stick representation. Note that the second GG binding groove is more associated with the nonconserved
region of the structure.
Upper right: Close-up of the binding site of the docked GG. Secondary structure of the GDI-diGG-lipid complex is shown in cyan.
Lower right: Stereo view of the hydrophobic surface of the shallow binding groove containing both GG lipids. Carbon atoms are shown in
green, oxygen atoms in red, nitrogen atoms in blue, and a sulfur atom in yellow.
drophobic well that is formed by non-SCR residues Lipid Binding Throws a Biological Switch Affecting
the Orientation of MELTyr421, Ala425, Gly426, Ala428, and Phe429. The non-
To evaluate any structural changes that accompany lipidSCR residues Lys422, Arg423, and Gln397 define its
binding, we compared the uncomplexed GDI structureright side (Figure 3). These residues connect with the
[15] with that of the GDI-GG-lipid complex (Figure 4A).upper hydrophilic region and Asp430 (non-SCR) defining
While the free and bound structures have a similar con-the lower left side of the hydrophobic groove. The dis-
formation with a overall rmsd of 1.2 A˚ (0.6 A˚ for maintance between the C1 atom of the first GG and the C1
chain), four localized regions show quite high main chainatom of the second GG in the GDI-diGG complex is
rmsd’s (Figure 4B): (1) residues Gly246 and Gly247 of10.2 A˚. It represents a reasonable value for the expected
SCR3B involved in Rab binding [5, 13, 15], (2) residuesdistance between Cys residues in an extended Cys-
Ser215 to Lys221 that define loop in SCR3A found on theX-Cys sequence motif (found in Rab3A GTPase, the
conserved face of GDI [5, 15, 22], (3) residues Glu152 toprincipal substrate for GDI in the brain) because the
Lys156 in SCR2 that are also involved in binding toC1 atoms of both lipids are connected to the sulfur
membrane-associated receptors [5, 22], and (4) Phe431,atoms of the Cys side chains. This large distance be-
the last ordered residue in the 1.04 A˚ structure of GDI
tween the two C1 atoms may explain why the synthe-
in the unliganded structure [15]. We also observed high
sized di-GG ligand did not bind effectively to GDI dur- rmsd values with the side chains of residues Met33
ing crystallization trials—the two adjacent Cys-Cys found in SCR1 and Met250 in SCRB3B involved in Rab
residues in the synthetic ligand place the C1 atoms sig- recognition. In particular, both Met82 and Lys89 in SCR2
nificantly closer to each other than 10 A˚ in a reasonable showed a large change in the side chain rmsd. Thus,
extended conformation. Thus, it appears that binding while some changes in response to lipid binding may
and extraction of Rab from membranes by GDI may be effect the interaction of GDI with Rab3A (Gly246,
facilitated by interaction with two geranylgeranyl lipids Gly247, Met33, and Met250), the key changes appear
through two shallow hydrophobic regions located be- to alter the residues that are found between the lipid
neath the Rab binding platform separating domains I binding groove and the loop containing residues Ser215
to Lys221.and II.
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Figure 4. Comparison of the Unliganded and
Liganded GDI Structures
(A) GDI-GG complex (green) is superim-
posed on the native GDI (light gray). The
GG-lipid in the crystal structure is shown in
a brown ball-and-stick representation.
(B) Comparison of the main chain rmsd be-
tween free and GG-bound GDI. Values be-
tween the superimposed GDI and the GDI-
GG complex structures range from blue
(0.1 A˚) to white to red (	1.3 A˚). The GG tail
is shown in a brown ball-and-stick represen-
tation.
Ser215 to Lys221 in SCR3A forms the mobile effector
loop MEL, a region projecting from the conserved face
of domain II that is directly involved in membrane associ-
ation of GDI and retrieval of Rab proteins to the cytosol
following vesicle fusion [5, 15, 22]. In particular, Arg218
and Tyr219 found at the tip of MEL play a critical role
in binding of GDI to membranes for retrieval of Rab
following vesicle fusion [15, 16, 19]. The changes in
Arg218 and Tyr219 in response to lipid binding were
very striking with rmsd’s in the backbone of up to 7 A˚
(Figure 5; Table 2). In the presence of lipid, the Ser215
to Lys221 loop completely changed conformation from
a flexible loop structure observed in lipid-free GDI into
an ordered helix. The psi angle of Ser215 changes 179,
from 133 in native GDI to 46 in the GDI-GG com-
plex, and the Leu216 N atom and Ser215 O atom rotate
around the single bond between Ser215 C atom and
Ser215 C atom. The rotation of Leu216 causes the
upward-oriented side chain of Leu216 to now point
downwards. This rotation continues clockwise along the
amino acid sequence from Leu216 to Lys221. This
change was not a consequence of crystal contacts in
the lipid-bound structure as none were detected. Thus,
the tip of the MEL containing residues Arg218 and
Tyr219 that extend into the solvent in the native GDI,
now packs tightly against the surface in the GDI-GG
complex (Figure 5). The magnitude of the localized con-
formational change in MEL responding to the absence
or presence of lipid lead us to propose that GG-lipid
binding throws a biological switch that changes the po-
sition of the MEL from an open, extended conformation
to a packed closed conformation that reflect its function
in Rab recycling from the membrane.
Lipid Binding Reorients the Mobile Effector Loop
through an Allosteric Mechanism
Figure 5. Structure of the Ser215-Lys221 Loop in Lipid-Free GDIHow does lipid binding stabilize MEL in the closed con-
Compared to Its Helical Conformation in the GDI-GG Complexfiguration? The average B value of MEL (Ser215 to
GDI-GG complex (green) superimposed on native GDI (light gray)Lys221) in SCR3A of GDI structure is much higher than
structure. The GG-lipid is shown in a brown ball-and-stick represen-the equivalent B value of the now-ordered helix in the
tation. In the magnified region, the highly conserved mobile effector
GDI-GG-lipid complex structure (Table 2, footnotes a
loop containing Tyr219 and Arg218 of SCR3A changes conformation
and b), suggesting that changes in response to lipid dramatically, reorienting toward the core structure of GDI in the
binding facilitate the structural reorganization of MEL. lipid-bound structure (green). Leu216(n) is Leu216 of native GDI;
Leu216(c) is Leu216 of the GDI-GG complex.Intriguingly, binding of the GG-lipid has an effect on
Structure
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side chain nitrogen atom of Lys89 (NZ) undergoes a 140Table 2. Root Mean Square Deviation of Residues from Ser215
to Lys221 between the Free and Bound GDI-GG Structures rotation toward the MEL insert region (Supplementary
Table 1). This change in position results in the recruit-Residue Main (A˚) Side (A˚)
ment of three water molecules (Figure 6, right panel,
Ser215 0.8 0.4 W1–W3), which form hydrogen bonds with Arg218, alter-
Leu216 3.0 7.9
ing the hydrophobic interface with MEL. Recruitment isAla217 3.6 5.3
further stabilized by interaction with Asn84, a residueArg218 6.8 9.2
that has a minor change in position upon binding ofTyr219 7.6 15.5
Gly220 3.8 — lipid. In this configuration, Arg218 also forms a hydrogen
Lys221 1.5 2.0 bond with Tyr219, potentially stabilizing MEL in the bind-
ing pocket.The average B values of the protein and the backbone (C atoms)
of the 1.04 A˚ native GDI structure are 16.7 A˚2 and 13.9 A˚2 , respec- In order to test the contributions of Met82, Asn84,
tively. The average B values of the protein and the backbone of the and Lys89 to GDI function in Rab3A recycling, each
2.0 A˚ GDI-GG structure (excluding the GG-lipid) are 27.3 A˚2 and residue was mutated to Ala, recombinant protein pro-
25.7 A˚2 , respectively. As both data sets are collected at the same duced, and tested for its ability to extract Rab3A from
temperature (176C), the overall average B values of GDI are
synaptic membranes. Whereas mutation of Met82 andmore than 10 A˚2 lower than the average B values of the GDI-
Asn84 had a weak effect on Rab extraction (Figure 6B),GG structure reflecting the difference in the resolution of the data.
However, the average B value of residues from Ser215 to Lys221 the double mutant Met82Ala/Asn84Ala showed sub-
of the GDI is 39.7 A˚2 compared to 34.2 A˚2 in the GDI-GG complex. stantial loss of Rab3 extraction activity. Moreover, muta-
Thus, the B values for Ser215-Lys221 loop in the unliganded struc- tion of Lys89 to Ala markedly reduced (	70% inhibition)
ture is more than twice the average protein B value compared to the Rab3A extraction activity of wild-type GDI (Figure
almost equivalent B values for the loop and the overall protein in
6B). Thus, Met82, Asn84, and Lys89, like Leu92 andthe GG-lipid-bound structure. Thus, the loop in the GG-lipid-free
Phe431, appear to be critical residues in GDI.structure is more mobile than the helix in the GG-lipid-bound
structure. The limitation of in vitro extraction of Rab proteins by
Residues Leu216, Ala217, and Tyr219 of the 1.04 A˚ native GDI addition of excess GDI to synaptic membranes is that
structure are outliers in the Ramachandron plot, lying in the gener- this procedure may not be a sensitive measure of the
ously allowed or disallowed regions, while all residues of the 2.0 A˚ normal, reiterative function of GDI in vivo. We, there-
GDI-GG complex are lying in the most favored or additional allowed
fore, examined the effect of the Met82, Asn84, and Lys89regions (Table 1). Residues Arg218 and Tyr219 of 1.04 A˚ native GDI
residues in the yeast Saccharomyces cerevisiae by mu-structure have electron density only for N, CA, CB, C, and O atoms
(PDB access code 1D5T); residue Arg218 lacks electron density for tating the conserved, homologous residues as a more
CG, CD, NE, CZ, NH1, and NH2 atoms, and residue Tyr219 lacks direct physiological measure of activity. We have pre-
electron density for CG, CD1, CE1, CD2, CE2, CZ, and OH atoms. viously demonstrated that mutation of residues in the
In contrast, residues Arg218 and Tyr219 of 2.0 A˚ GDI-GG complex Rab binding domain [5] or MEL [15] results in inhibition
structure have electron density for each atom. Thus, the outlier
of Gdi1p function in vivo, resulting in a reduced growthvalues and absence of electron density reflect the mobility of the
rate of yeast. Similar results have been observed for theeffector loop in the absence of bound GG-lipid.
GDI-related protein, Mrs6p, in yeast [17].
The yeast conserved residues homologous to mam-
malian Met82 (Met90), Asn84 (Asn92), and Lys89 (Asn97)
only a limited number of residues. Comparison of the were mutated to Ala using a plasmid shuffle-based com-
structural changes in the lipid-free and lipid-bound plementation assay that allowed rapid screening of site-
structures revealed significant changes in the positions directed point mutants for their ability to complement a
of Phe431, Met82, and Lys89 in the lipid-free nativeGDI gdi1
 null mutation [15, 17]. gdi1 plasmids (CEN LEU2)
structure. Changes in Phe431 are likely to reflect a direct containing site-directed mutations were used to trans-
response to lipid binding. Interestingly, the distance be- form a gdi1
::HIS3 null strain containing a CEN URA3
tween Met82 side chain sulfur atom (SD) and Ser215 GDI1 plasmid as the sole source of wild-type Gdi1p.
side chain oxygen atom (OG) is 5.2 A˚ in the lipid-free Transformed strains were streaked to 5-flouroorotic acid
structure (Figure 6A, left panel), suggesting little or no (5FOA) plates to select for loss of the URA3 GDI1 plas-
interaction between these two atoms. Upon lipid bind- mid leaving the mutant gdi1 gene as the only source of
ing, all of the side chain atoms of Met82 rotate 110–150 Gdi1p. Growth of the resultant strains was assayed after
(see Supplementary Table 1 available with this article restreaking to rich medium. This method allowed us to
online), with the distance between Met82 SD atom and assess if any gdi1p mutants constructed were able to
Ser215 OG atom reduced to 3.3 A˚ in the GDI-GG-lipid supply the essential function of GDI1.
complex (Figure 6, right panel), possibly contributing to Single Met90, Asn92, and Asn97, and the double-
reorientation of MEL. mutant Met90/Asn92 resulted in significantly reduced
The second key residue involved in the transition of growth strains after streaking to 5FOA plates (Figure 7A,
MEL from the open to a stable closed configuration in upper panel), or by following growth in liquid culture
response to GG-lipid binding is Lys89. In the absence (Figure 7B), indicating poor complementation of the
of lipid, the region in which MEL will insert in the pres- gdi1
 null mutation. Reduced growth is observed be-
ence of lipid is largely nonpolar, encompassing residues cause only a small pool (10%) of functional Gdi1p is
Val104, Val105, Leu225, and Ala83 (Figure 6, left panel). necessary to support growth of yeast [15, 17]. Consis-
The hydrophobic interaction between Leu216 in MEL tent with this interpretation, overexpression of these
and the largely nonpolar region helps to maintain the mutants on a multicopy 2 vector restored 80%–90%
of the normal growth rate (Figure 7A, lower panel). Givenopen loop conformation of MEL. Upon lipid binding, the
Lipid Signaling Regulates Rab Function
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Figure 6. Binding of GG Causes Conformation Changes Mediated Allosterically by Lys89
(A) Color coding is as described in Figure 5. The Lys89 side-chain (upper left) nitrogen atom NZ in the unliganded state undergoes a 140
rotation in response to lipid binding (upper right). The 2Fo  Fc map (lower right) contoured at the 1.0  level shows the clear electron density
for residues from Ser215 to Lys221, Met82, Asn84, and Lys89 and the three water molecules in the GDI-GG complex.
(B) Recombinant wild-type GDI and the GDI[Met82Ala], GDI[Asn84Ala], GDI[Met82Ala,Asn84Ala], or GDI[Lys89Ala] mutants were pre-
pared [13] and incubated with rat brain synaptosomes as described [16, 19]. The relative amount (percentage of total) of Rab3A extracted
using equivalent amounts of wild-type or mutant GDI protein is shown. The results shown are the average of at least two independent
experiments.
that the role of Gdi1p is specific for Rab function yeast, Discussion and Biological Implications
these results indicate that residues that form the MEL
binding pocket play an important role in normal vesicular The structure of the GDI-GG-lipid complex now reveals
traffic in vivo. a number of important biological features of the GDI-
The combined results suggest that a hydrogen bond- Rab cycle. Given the conserved structural organization
ing network forms in response to lipid binding leading of the GDI superfamily [8, 18] and the over 60 proteins
to a stable reorientation of MEL from the open to the belonging to the Rab family [1], our results have general
closed configuration. Given the importance of Arg218 implications for the understanding of the recycling of all
and Tyr219 in membrane-association and Rab recycling members of the Rab family that regulate the function of
[15, 16], these results suggest that GG-lipid binding to the exocytic and endocytic pathways of eukaryotic cells.
GDI uncouples the nascent GDI-Rab complex from the We found that a shallow hydrophobic groove in GDI
found on the surface immediately beneath the Rab bind-membrane receptor through an allosteric mechanism.
Thus, reorientation of MEL to the closed configuration ing platform contributes significantly to function by bind-
ing GG. While this region does not contribute to thein response to lipid binding is likely to be a key event
triggering the release of the GDI-Rab complex into the structure of the FAD binding pocket found in the struc-
tural family encompassing GDI, p-hydroxybenzoate hy-cytosol for recycling under normal, physiological condi-
tions. droxylase, and cholesterol oxidase [11], it remains pos-
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GDI mouse knockout is prone to seizure and has other
severe neurophysiological changes as well as behav-
ioral defects resulting as a consequence of a reduction
in associative (short-term) memory [28]. Given that mu-
tation of Leu92 to Pro has reduced ability to extract
Rab3A [19] it is apparent that efficient recycling of
Rab3A through interaction with the C-terminal geranyl-
geranyl lipids of the Rab3A GTPase found at the synapse
is crucial for the development of normal human intelli-
gence. This may occur by facilitating a step that regu-
lates neurotransmitter release [16, 29, 30].
Adjacent to the primary binding groove, we were also
able to identify a hydrophobic region that could readily
accommodate a second GG-lipid. While the functionality
of this second groove remains to be proven, its location
in the near vicinity of the first groove may be required
for efficient GDI function in recycling as most Rab
GTPases contain two prenyl groups attached to either
Cys-Cys or Cys-X-Cys motifs. Interestingly, the two
grooves are structured using both conserved residues
(found in SCRs) and nonconserved residues that differ
markedly among the different isoforms of GDI (, , ) [3].
Differences in the nonconserved residues could reflect
the need to accommodate both prenyl groups when
attached to the different C-terminal Cys residues motifs
and would therefore, in part, define different structural
organizations of various GDI isoforms. Because GDI
can extract both Cys-Cys and Cys-X-Cys containing
Rab GTPases from membranes in vitro in the presence
of EDTA, our results raise the possibility that this may
be a nonphysiological result, reflecting the high concen-
trations of GDI used in such experiments where only
one functional lipid binding groove may be adequate.
Under more physiological conditions in vivo, we suggest
Figure 7. Ability of Selected Single and Double Point Mutants to that GDI may be more specialized for prenyl groups
Complement Growth of gdi1
 Null Yeast Strain
attached to the Cys-X-Cys motif such as Rab3A, consis-
(A) Indicated mutants were expressed in the gdi1
 null strain using
tent with the localization of GDI to Rab3A containingthe single copy CEN plasmid (upper panel) or multicopy 2 (lower
brain tissues where it is likely to play a prominent rolepanel) plasmid as described [5, 17]. Cells (5000, 2000, 500, and 50)
in Rab3A recycling and regulation of neurotransmitterwere spotted onto a plate and growth assessed after 2–4 days
incubation at 30C. release [16, 29].
(B) The indicated mutants were incubated at 30C and growth deter- Given the location of the lipid binding groove in the
mined spectrophotometrically at the time intervals indicated. structure of GDI, the hypervariable 30 amino acid car-
boxyl terminus found in Rab GTPases involved in mem-
brane targeting [31] is likely to wrap around the con-
sible that the GG binding groove is evolutionarily related served face of GDI containing SCRs 1, 2, and 3 [11].
to the binding pocket of cholesterol found in the domain This configuration would set the stage for the next step
I like structure of cholesterol oxidase [23]. Interestingly, in the GDI cycle, the presentation of the Rab bound to
the lipid binding pocket is strikingly different for the binding GDI to its specific target membrane through information
of a single geranylgeranyl group in the Cdc42-Rho GDI found in the hypervariable region and transfer of the lipid
partial complex [24], or for the binding of geranylphos- to the bilayer [32] possibly via the Hsp90 complex [16].
phate precursor by Rab geranylgeranyl transferase II Our results also provide insight into REP/CHM func-
(GG Tr II) [25]. In both cases, they are characterized as tion involved in prenylation of newly synthesized Rab
hydrophobic tunnels. While a shallow surface groove [33–36]. Based on site-directed mutagenesis, we have
has been proposed for the myrisotyl group found at the N recently shown that REP/CHM contains a Rab binding
terminus of ARF1 GTPases [26], the two geranylgeranyl platform in an identical location to that observed in GDI
groups attached to Rab GTPases are apparently too and that domain II contributes significantly in binding
large to be accommodated on their own surface— to GG Tr II [17]. These results are now supported by the
hence, the need for GDI. crystal structure of REP bound to the GG Tr II complex
The groove requires the critical function of Phe431 in which residues previously identified to be involved in
found at the C1 end of the lipid chain. Moreover, muta- REP prenylation [17] form the contact site between REP
tion of Leu92 to Pro in GDI is responsible for X-linked and GG Tr II [18]. Following prenylation, a proposed
nonsyndromic mental retardation with episodic seizures single shallow hydrophobic groove found in REP [18]
that is analogous to the location of the lipid bindingin humans [19, 27]. Consistent with these results, the
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Figure 8. A Structural Model for GDI Function
during Rab Recycling
GDI interacts with the GDI receptor in the
membrane through MEL in domain II in the
open conformation. Binding to Rab-GDP
through the Rab binding platform in domain
I triggers interaction and transfer of the
geranylgeranyl groups from the lipid bilayer
to GDI, mediated by the Hsp90 complex [16]
and extraction from the membrane. Associa-
tion with lipid allosterically regulates the re-
lease of the GDI-Rab complex from the mem-
brane to the cytosol by collapsing MEL into
the closed configuration onto the surface of
GDI through the formation of a hydrogen
bonding network. Color coding for SCRs as
described in Figure 1 (upper right inset). The
first GG is shown in a brown ball-and-stick
representation; the potential site for a second
docked GG is shown in an orange ball-and-
stick representation.
groove identified in the crystal structure of the GDI- anism may play a critical role in regulating neurotrans-
mitter release at the synapse required for cognitive func-GG complex herein would be predicted to facilitate se-
questration of at least one of the hydrophobic C20 carbon tion and in controlling Rab GTPase recycling in both the
exocytic and endocytic pathways responsible for cellchains. Although the mechanism by which the preny-
lated REP/CHM-Rab prenyl complex becomes disen- growth.
gaged from GG Tr II remains to be elucidated, the deliv-
ery of prenylated Rab to the membrane by the REP-Rab Experimental Procedures
complex is also likely to be facilitated by the location
Crystallization and Data Collectionof the lipid binding groove on the conserved, functional
The single GG ligand and bovine GDI were mixed in a 10:1 molarface of REP.
ratio and the mixture was keep at 4C for 2 weeks before crystalli-
Of key interest was the observation that binding of zation. The complex was crystallized under similar conditions to
the GG-lipid results in a dramatic reorientation of MEL those reported previously [11, 15, 37]. Data were collected at176C
in a crystal flash cooled in mother liquor containing 20% glycerolfrom the open to closed state. The closed state associ-
at the Stanford Synchrotron Radiation Laboratory (SSRL) beamlineated with Rab release from the bilayer was shown to be
9-2 and processed with HKL2000 [38]. The GDI-GG complex struc-stabilized by rotation of side chain atoms of Met82 and
ture was determined by molecular replacement using MOLREP [39]Lys89 in response to lipid binding. These key structural
from the CCP4 suite [40] with the 1.04 A˚ GDI structure [15] (PDB
changes contribute to the recruitment of three water access code 1D5T) as the search model. The structure was fitted
molecules that stabilize Tyr219 and Arg218 in the bind- into the electron density maps with the graphics program O [41].
The GG was built from an omit Fo  Fc map only after severaling pocket through hydrogen bonding that also involves
cycles of rebuilding and refinement. We also considered whetherthe conserved residue Asn84. These water molecules
the missing GDI C-terminal tail (residues 432–447) could be fittedappear to be critical as mutation of all of the residues
into this density. The fit was substantially less convincing than thatinvolved in hydrogen bonding results in a marked reduc-
for the single GG-lipid group. Further mutagenesis to produce to
tion of Gdi1p function in vivo in yeast, a sensitive mea- GDI truncated at residue 432 failed to produce crystals. Consistent
sure of normal Gdi1p Rab retrieval activity in vesicular with the density reflecting the position of the GG-lipid in the struc-
ture, the structure of the Rab geranylgeranyl transferase II (Rab GGtraffic. Moreover, mutation of both Met82 and Asn84 or
TrII) in complex with Rab escort protein 1 (REP1), a member of theLys89 results in a marked reduction in Rab3A extraction
GDI superfamily [3] that has a similar structure to GDI [18], showsfrom the synapse in vitro.
the position of C-terminal residues homologous to GDI residuesWe propose a structural model in which the interaction
432–439 laying beneath and perpendicular to the lipid binding
of Rab with GDI through the Rab binding platform and groove [18]. The complex structure was refined with CNS [42]. Only
the shallow GG binding groove allosterically regulates the geranylgeranyl tail of the ligand was refined because the amino
acid portion was disordered. The B values of the GG group wererelease of the complex from the bilayer (Figure 8). This
63.9 A˚2 compared to the average B value 27.3 A˚2 for GDI thatfacile, reversible mechanism is consistent with biochem-
suggested either higher mobility or incomplete occupancy in allical, structural, and physiological data that suggests
molecules in the crystal. In the final structure, none of the nonglycinethat the observed reorientation of MEL in response to
residues lie in either the disallowed region or the generously allowed
lipid binding is critical for normal GDI function in vivo. region of the Ramachandran plot as analyzed with PROCHECK [43].
Taking in consideration the importance of MEL residues
Arg218 and Try219 in interaction with the Hsp90 docking Synthesis of Geranylgeranylated Ligands 1 and 2
complex [16], it is apparent that the lipid functions as a (See Supplementary Materials and Methods for detailed description
of synthesis.) The monogeranylgeranylated ligand Cys(S-geranyl-signaling molecule. The geranylgeranyl-switching mech-
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geranyl)-OMe (1) and the digeranylgeranylated dipeptide N-acetyl- at SSRL beamline 9-2 for excellent assistance in data collection.
This is manuscript #15048-CB from The Scripps Research Institute.Cys(geranylgeranyl)-Cys(geranylgeranyl)OMe (2) were synthesized
in the following concise manner. All-trans-geranylgeraniol was pre-
pared via a variant of our previously published procedures [44]. Received: October 4, 2002
Briefly, ethyl 3-(((trifluoromethyl)sulfonyl)oxy)-7, 11, 15-trimethyldo- Revised: December 11, 2002
deca-2Z, 6E, 10E, 14-tetraenoate, synthesized in two steps from Accepted: January 29, 2003
commercially available farnesyl bromide, was coupled with tetra-
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